We present direct experimental evidence for nonlocal transport in HgTe quantum wells in the quantum spin Hall regime, in the absence of any external magnetic field. The data conclusively show that the non-dissipative quantum transport occurs through edge channels, while the contacts lead to equilibration between the counter-propagating spin states at the edge. We show that the experimental data agree quantitatively with the theory of the quantum spin Hall effect.
for the QSH state has been observed in transport measurements (6) . In the QSH regime, experiments measure a conductance close to 2e 2 /h, which is consistent with quantum transport due to helical edge states. However, such a conductance quantization in small Hall bars does not allow us to distinguish experimentally between ballistic and edge channel transport in a convincing manner. Thus it is of the utmost importance for this field to be able to prove experimentally in an unambiguous manner the existence of edge channels in HgTe quantum wells.
In conventional diffusive electronics, bulk transport satisfies Ohm's law. The resistance is proportional to the length and inversely proportional to the cross-sectional area, implying the existence of a local resistivity or conductivity tensor. However, the existence of edge states necessarily leads to nonlocal transport which invalidates the concept of local resistivity. Such nonlocal transport has been experimentally observed in the quantum Hall (QH) regime in the presence of a large magnetic field (7) , and the nonlocal transport is well described by a quantum transport theory based on the Landauer-Büttiker formalism (8) . These measurements are now widely acknowledged as constituting definitive experimental evidence for the existence of edge states in the QH regime.
In this work, we report nonlocal transport measurements in HgTe quantum wells that unequivocally demonstrate the existence of extended edge channels. We have fabricated more complicated structures compared to a standard Hall bar that allow a detailed investigation of the transport mechanism. The data present the first definitive evidence for the actual occurrence of helical edge channels in our samples. In addition, we present the theory of quantum transport in the QSH regime, and uncover the remarkable effects of macroscopic time irreversibility on the helical edge states.
We present experimental results on four different devices, with layouts as outlined below.
The behavior in these structures is exemplary for the around 50 devices we studied. We also study the two terminal resistance. The contact resistance should be insensitive to the gate voltage, and can be measured from the resistance deep in the metallic region. By subtracting the contact resistance we find that the two terminal resistance has its maximum of about 3h/2e 2 . As we shall see in the following discussions, this value is exactly what is expected from the theory of QSH edge transport obtained from the Landauer-Büttiker formula.
We now present the theory of quantum transport due to the helical edge states in the QSH regime. Within the general Landauer-Büttiker formalism (9), the current-voltage relationship is expressed as
where I i is the current flowing out of the i-th electrode into the sample region, V i is the voltage on the i-th electrode, and T ji is the transmission probability from the i-th to the j-th electrode.
The total current is conserved in the sense that i I i = 0. A voltage lead j is defined by the condition that it draws no net current, i.e. I j = 0. The physical currents are left invariant if the voltages on all electrodes are shifted by a constant amount µ, implying that i T ij = i T ji . In a time-reversal invariant system, the transmission coefficients satisfy the condition T ij = T ji .
For a general two-dimensional sample, the number of transmission channels scales with the width of the sample, so that the transmission matrix T ij is complicated and non-universal.
However, a tremendous simplification arises if the quantum transport is entirely dominated by the edge states. In the QH regime, chiral edge states are responsible for the transport. In the case of helical edge states in the QSH regime, opposite spin states form a Kramers pair, counter-propagating on the same edge. The helical edge states are protected from backscattering due to time reversal symmetry, and the transmission from one electrode to the next is perfect. From this point of view, the helical edge states can be viewed as two copies of chiral edge states related by time reversal symmetry. Therefore, the transmission matrix is given by
, implying that the only non-vanishing matrix elements are given by
Considering again the example of current leads on the electrodes 1 and 4, and voltage leads on the electrodes 2, 3, 5 and 6, one finds that forms of time reversal symmetry breaking are present. As a result, the two counter-propagating channels can be maintained at two different quasi chemical potentials, leading to a net current flow. However, once they enter the voltage leads, they interact with a reservoir containing infinitely many low-energy degrees of freedom, and the time reversal symmetry is effectively broken by the macroscopic irreversibility. As a result, the two counter-propagating channels equilibrate at the same chemical potential, determined by the voltage of the lead. Dissipation occurs with the equilibration process. The transport equation (1) breaks the macroscopic time reversal symmetry, even though the microscopic time reversal symmetry is ensured by the relationship T ij = T ji . In contrast to the case of QH state, the absence of dissipation of the QSH helical edge states is protected by Kramers' theorem, which relies on the quantum phase coherence of wavefunctions. Thus dissipation can occur once the phase coherence is destroyed in the metallic leads. On the contrary, the robustness of QH chiral edge states does not require phase coherence. A more rigorous and microscopic analysis on the different role played by a metallic lead in QH and QSH states is provided in the supporting online text, the result of which agrees with the simple transport equation (1) and (2) . These two equations correctly describe the dissipationless quantum transport inside the QSH insulator, and the dissipation inside the electrodes. One can subject these two equations to more stringent experimental tests than the two-and four-terminal experiments of Fig. 1 by considering devices S3 and S4, as depicted in A further difference between helical and chiral edge channels is evident from our experiments on the six-terminal device S3, as shown in Fig. 3 . When the longitudinal resistance of device S3 is measured by passing a current through contacts 1 and 4 and by detecting the voltage between contacts 2 and 3 (R 14,23 ) [ Fig. 1a) ], we find, similarly to the results of Fig. 1 , the celebrated resistance value of h/2e 2 when the bulk of the device is gated into the insulating regime [ Fig. 3 a) ]. However, the longitudinal resistance is significantly different in a slightly modified configuration, where the current is passed through contacts 1 and 3 and the voltage is measured between contacts 4 and 5 (R 13,45 ) [ Fig. 3 b) ]. We now find R 13,45 ≈ 8.6 kΩ , which is markedly different from what one would expect for either the QH transport, or the purely diffusive transport, where this configuration would be equivalent to the previous. Application of equations (1) and (2) actually predicts indeed that the observed behavior is what one expects for helical edge channels. One easily finds that this resistance value can again be expressed as an integer fraction of the inverse conductance quanta e 2 /h: R 13,45 = 1/3 h/e 2 . This result shows that the current through the device is influenced by the number of ohmic contacts in the current path. As discussed earlier, these ohmic contacts lead to the equilibration of the chemical potentials between the two counter-propagating helical edge channels inside the contact. There are also some devices for which the maximal resistance does not match the theoretical value obtained from Eqs. (1) and (2), but still remains an integer fraction of the quantum h/e 2 . This result can be naturally understood as due to inhomogeneities in the gate action, e.g. due to interface trap states, inducing some metallic droplets close to the edge channels while the bulk of the sample is insulating. A metallic droplet can cause dephasing of the electronic wave function, leading to fluctuations in the device resistance. For full dephasing, the droplet plays the role of an additional Ohmic contact, just as for the chiral edge channels in the QH regime (7). More details on the effects of additional Ohmic contacts in the QSH state are given in the supporting online text.
Another measurement that directly confirms the non-local character of the helical edge channel transport in the QSH regime is in Fig. 4 , which shows data obtained from device S4, in the shape of the letter "H". In this 4-terminal device the current is passed through contacts 1 and 4 and the voltage is measured between contacts 2 and 3. In the metallic n-type regime (low gate voltage) the voltage signal tends to zero. In the insulating regime, however, the nonlocal resistance signal increases to ≈ 6.5 kΩ, which again fits perfectly to the result of Laudauer-Büttiker considerations: R 14,23 = h/4e 2 ≈ 6.45 kΩ. Classically, one would expect only a minimal signal in this configuration (from Poisson's equation, assuming diffusive transport, one estimates a signal of about 40 Ω), and certainly not one that increases so strongly when the bulk of the sample is depleted. This signal measured here is fully non-local, and can be taken (as was done twenty years ago for the QH regime) as definite evidence of the existence of edge channel transport in the QSH regime. A similar non-local voltage has been studied in a metallic spin Hall system with the same H-bar geometry (10) , in which case the nonlocal voltage can be understood as a combination of the spin Hall effect and the inverse spin Hall effect (11) . The quantized nonlocal resistance h/4e 2 we find here is the quantum counterpart of the metallic case. Assuming for example that the chemical potential in contact 1 is higher than that in contact 4 (cf. the layout of S4 in Fig. 2 (b) ), more electrons will be injected into the upper edge state in the horizontal segment of the H-bar than into the lower edge state. Since on opposite edges, the right-propagating edge states have opposite spin, this implies that a spin-polarized current is generated by an applied bias V 1 − V 4 , comparable to a spin Hall effect. When this spin-polarized current is injected into the right leg of the device, the inverse effect occurs. Electrons in the upper edge flow to contact 2 while those in the lower edge will flow to contact 3, establishing a voltage difference between those two contacts due to the charge imbalance between the edges. The right leg of the device thus acts as a detector for the injected spin-polarized current, which corresponds to the inverse spin Hall effect.
In conclusion, we have shown multi-terminal and non-local transport experiments on HgTe microstructures in the QSH regime that unequivocally demonstrate that charge transport occurs through extended helical edge channels. We have extended the Landauer-Büttiker model for multi-terminal transport in the QH regime to the case of helical QSH edge channels, and have shown that this model convincingly explains our observations. These results constitute decisive evidence that the conductance quantization observed in Ref. (6) stems from QSH edge channel transport, which may be used for non-dissipative transfer of information. 
